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The paper studies the influence of manganese ion implantation on the cavitation erosion behaviour of the
HIPed Stellite 6. The implantation process was conducted using implantation energy 175 keV, and the
fluences of implanted ions were set at 5×1016 Mn+/cm2 and 1×1017 Mn+/cm2. The microstructure of
the samples was investigated using scanning electron microscopy and X-ray diffraction. The cavitation
erosion tests were carried out according to the ASTM G32 standard with the stationary specimens
configuration. The cavitation erosion-damaged surfaces of unimplanted and implanted samples were
qualitatively investigated using scanning electron microscopy. Moreover, the phase development due to
the ion implantation and cavitation erosion was analysed using the X-ray diffraction technique. The
HIPed Stellite 6 microstructure is based on the cobalt-containing matrix consisting of γ (face-centred
cubic) and ε (hexagonal close-packed) crystal structures and Cr7C3 chromium carbides. Generally, the
applied implantation parameters have a minimal effect on the microstructure and erosion resistance.
The X-ray diffraction analysis shows a negligible effect of implantation on the microstructure. The
implantation using 1× 1017 Mn+/cm2 seems the most promising for prolonging the cavitation erosion
incubation stage as well as for minimalizing the material loss (30.4 mg) and erosion rate (1.8 mg/h);
the unimplanted Stellite 6 shows these indicators at the comparable level of 34.5 mg and 2.0 mg/h,
respectively. The study confirmed that cavitation loads induce the face-centred cubic to hexagonal
close-packed phase transformation in the cobalt-based matrix. The cavitation erosion mechanism relies
on the material loss initiated at the carbides/matrix interfaces. Deterioration starts with the cobalt
matrix plastic deformation, weakening the restraint of Cr7C3 carbides in the metallic matrix. First,
the deformed cobalt matrix and then hard carbides are removed at the interfaces. Further, the cobalt-
based matrix undergoes cracking, accelerating material removal, pits formation, and craters growth.
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1. Introduction

Ion implantation is one of the surface modifica-
tion technologies that allows the deposition of dif-
ferent types of ions into a broad range of mate-
rials. Therefore, the literature reports on the im-
plantation of ions such as nitrogen and manganese
to improve the tribological performance [1] and of
caesium to modify the properties of polyethylene
terephthalate (PET) polymer [2], on the yttrium
and rhenium ion implantation impact on the per-
formance of nitride ceramic cutting tools [3], the
mixed argon and nitrogen effect on the tribologi-
cal performance of tool steels [4], the nitrogen ion
implantation of cermet tungsten carbide (WC–Co)
guide pads [5], and on many others. A few papers

refer to manganese ion implantation. Budzyński
et al. [6] studied the manganese ion implantation
effect on the tribological behaviour of Stellite 6
and reported that, despite the reduction of the fric-
tion coefficient, the manganese ion implantation did
not reduce the overall wear. On the other hand, it
has been reported that the Mn-ion implantation
of ultrananocrystalline diamond films has signifi-
cant potential for bioimaging and vacuum electronic
devices [7]. Other investigations of Mn-implanted
GaN samples pointed out the implantation fluence-
dependent modifications in the material proper-
ties [8]. The implantation can be utilized to im-
prove or modify the operational properties of the
solid material’s surface. Significantly, the wear resis-
tance, corrosion, or anti-erosive applications of ion
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TABLE IChemical composition of Stellite 6 [13].

Chemical composition [wt%]
Hardness

Co Cr W C Fe Ni Si Mn Mo

bal. 28.40 6.15 1.34 2.0 2.18 0.60 0.45 1.45 507± 22 HV0.2

implantation are considered in the up-to-date liter-
ature [9–11]. Different microstructural effects were
reported due to the modification of metallic ma-
terials. Therefore, Sharkeev and Kozlov [12] stud-
ied the long-range effects of ion implantation, and
Szala et al. [13] show that nitrogen ion implan-
tation induces, among others, a phase transfor-
mation of cobalt alloys. These phenomena could
act positively for the anti-deterioration of metallic
materials.

Cavitation erosion (CE) is a common phe-
nomenon during material degradation by micro-jets
or shock waves caused by the formation and collapse
of the bubbles, attributed to local pressure fluc-
tuation [14–16]. Many different methods are used
for minimalizing the deterioration action of cavita-
tion on metallic surfaces, among others, hardfac-
ing using the welding methods [17, 18], laser sur-
facing [19, 20], deposition of coating via thermal
spraying of cermets [21], composites [22], ceram-
ics [23], metallic coatings [24], deposition of physical
vapour deposition (PVD) coatings [25], or plasma
nitriding, and salt bath nitro-carburization [26].
One of the advanced and promising techniques for
minimalizing cavitation damage is ion implantation.
In fact, the literature reveals that the type of im-
planted element, as well as implantation process
parameters, have a crucial effect on the erosion
performance of metallic materials, but different
equipment and ion fluence, as well as ion types, are
considered. Nitrogen implantation improves the re-
sistance to cavitation erosion of metallic materials
significantly [10, 13, 27]. Unfortunately, the effect
of Mn implantation in cobalt-based alloys has not
been investigated.

This paper presents the preliminary studies on
the effect of manganese ions implantation on the
cavitation erosion resistance of the HIPed Stellite 6
(CoCrWC) alloy. Two ion fluences were compared.
Special efforts were made to investigate the effect of
the implantation and cavitation on the alloy phase
transformations.

2. Materials and methods

The polished surfaces (Ø25 mm) of 10 mm height
cylinder samples of Stellite 6 were ion-implanted,
and their microstructure, phase composition, and
cavitation erosion resistance were investigated in re-
lation to the unimplanted alloy. The chemical com-
position of the cobalt alloy measured using X-ray
fluorescence (XRF) is given in Table I [13]. Implan-
tation was performed using the ion implantation

Fig. 1. Theoretical distributions of manganese
ions implanted into Stellite 6 with different fluences
(a); generated vacancies (b).

UNIMAS system in the Institute of Physics of Maria
Curie-Skłodowska University in Lublin (Poland)
and discussed in [28]. Irradiations of the alloy
were done with 175 keV Mn+ ions with fluences
5× 1016 Mn+/cm2 and 1 × 1017 Mn+/cm2. The
calculations of implanted manganese ions and ra-
diation damage (vacancies) caused by the implan-
tation over the sample depth were performed us-
ing the target (HIPed Stellite 6) chemical composi-
tion (Table I) and employing the commonly known
SRIM (Stopping and Range of Ions in Matter) soft-
ware package, available as freeware in [29]. Figure 1
shows that the maximal concentration of Mn+ ions
is found at ≈ 64 nm depth, and of radiation defects,
at ≈ 28 nm. The effect of the ion interactions with
the metallic target is much shallower than those re-
ported for the nitrogen ions impinged on Stellite 6,
studied in the previous paper [13].

Cavitation erosion was generated by a magneto-
strictive-driven apparatus, resonating at 20 kHz
with the peak-to-peak displacement amplitude of
50 µm as described previously [30]. The apparatus
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Fig. 2. Surface microstructure of the HIPed Stel-
lite 6 (SEM).

conformed to the ASTM G32 standard [31], and
the stationary specimen configuration was utilized
in the experiments. The stand-off distance between
the sonotrode tip and the specimen surface was set
to be equal to 0.5 ± 0.05 mm. Distilled water was
the testing liquid. During the specific time inter-
vals, the mass loss was estimated with an accu-
racy of 0.01 mg. Therefore, the cumulative mass
loss and erosion time-rate curves were plotted for
the total test time lasting 24 h. The phase com-
position was analysed using the XRD method. The
X-ray diffraction (XRD) analysis was performed in
the Bragg–Brentano geometry θ/2θ, using the high-
resolution diffractometer (Empyrean, Panalytical).
Measurements were performed using the Cu Kα

(λ = 1.5418 Å) radiation with a tube operated with
a generator voltage of 45 kV and a current of 35 mA.
The K-Beta Ni filter was applied. X-ray diffraction
data were collected over the range of 2θ = 20–100◦
with the step size 2θ = 0.01◦ and counting time 6 s
per data point, using the proportional detector. The
radiation was detected with a proportional detector.
The source divergence and detector slit were 1/4,
and Soller’s slits were used. The crystalline phase
of the samples was identified using the HighScore
Plus software package. The XRD analysis was con-
ducted for the unimplanted and implanted surfaces,
and the results were compared with XRD done for
the cavitation-eroded samples. Finally, the eroded
surfaces were analysed using scanning electron mi-
croscopy (SEM) to reveal the CE failure mecha-
nism.

3. Results and discussion

The SEM and XRD investigations confirmed that
the microstructure of HIPed Stellite 6 consists of
a cobalt-based metallic matrix and second phases
— mainly the hard chromium carbides type Cr7C3

(see Fig. 2) which is consistent with the literature
data [32, 33]. The cobalt-based matrix includes γ

Fig. 3. Phase analysis of unimplanted and im-
planted HIPed Stellite 6 (XRD).

Fig. 4. Effect of cavitation erosion on the phase
composition transformations of HIPed Stellite 6
(XRD).

(FCC — face-centred cubic) and ε (HCP — hexag-
onal close-packed) crystal structures (see Fig. 3).
The implantation did not change the ratio of FCC
to HCP phases followed by the comparative XRD
analysis. On the other hand, cavitation erosion
(CE) initiates the development of the Stellite 6 mi-
crostructure (see Fig. 4). Therefore, the difference
in the FCC to HCP ratios between the uneroded
and cavitation eroded samples is pronounced. The
initial sample shows the domination of grains of
FCC-Co (111) mixed with the HCP (101) grains
arranged in the direction perpendicular to the sam-
ple surface. CE results in the partial FCC grains
phase transformation to the HPC structure, which
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Fig. 5. Cavitation erosion mass loss (a) and rate-
time (b) curves of ion-implanted and unimplanted
HIPed Stellite 6.

TABLE II

Cavitation erosion results of unimplanted and ion-
implanted Stellite 6

Sample

Parameter
Cumulative
mass loss

[mg]

Cumulative
erosion

depth [µm]

Max.
erosion rate

[mg/h]
unimplanted 33.51 20.68 2.09

5× 1016 Mn+/cm2 34.56 21.32 2.07

1× 1017 Mn+/cm2 30.42 18.77 1.88

was reported in the literature [13, 34]. No domi-
nant crystallographic direction and stochastic grain
arrangement are visible in this case. The SRIM cal-
culations (Fig. 1) confirm that the effect of the
manganese ion interactions with the metallic tar-
get is a few times shallower than those reported
for the nitrogen ions, even if nitrogen was im-
planted with a smaller energy (120 keV), which was
studied in the previous paper [13]. Even though
the XRD analysis suggests that these implanta-
tion parameters did not imply essential changes in
the phase composition of the surface layer, Stel-
lite 6 implanted with 1×1017 Mn+/cm−2 shows the
longest incubation stage of erosion and the smallest
material loss (Table II and Fig. 5). Contrary to that,

Fig. 6. Cavitation eroded surfaces in the initial
stage (a) and the final stage (b) of CE testing
(SEM).

the 5× 1016 Mn+/cm2 implanted sample has a ma-
terial loss comparable to that of the unimplanted
sample. This suggests that optimizing the implan-
tation parameters is necessary for obtaining a sig-
nificant increase in the CE resistance of the cobalt
alloy.

The analysis of cavitation curves confirms the
presence of a peak in the initial stage of erosion
rate curves (Fig. 5a), which in turn confirms the
removal of poorly bound Cr7C3carbides from the
metallic matrix. Next, the removal rate slows down.
The erosion rate accelerates after 2 h of exposure.
The large initial loss of carbides refers to the “clean-
ing effect” reported in the previous studies con-
cerning the cermet coatings, sprayed ceramics, and
metal matrix composites [21, 35, 36]. Moreover,
the surface discontinuities, such as matrix/carbide
interfaces, facilitate the erosive action, as shown
in Fig. 6a. The detailed SEM observations show
a comparable overview of the eroded surfaces in the
initial and final stages of CE testing observed in
the ion-implanted and unimplanted samples. Over-
all, the initial stage of the erosion mechanism of
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HIPed Stellite 6 is comparable to those reported
for the metal matrix composites (steel and cast
iron reinforced by TiC [36]), where the reinforcing
ceramic particles undergo erosion first. The syn-
thesis of information given in Figs. 5 and 6 con-
firms that the CE mechanism of HIPed Stellite 6
is related to the material loss initiated at the car-
bides/matrix interfaces. Deterioration starts with
the cobalt matrix plastic deformation, weakening
the restraint of carbides in the metallic matrix.
Then the hard carbides are removed. Moreover, the
cavitation loads contribute to the strain-induced
FCC to HCP phase martensitic transformation, re-
vealed by XRD (Fig. 4). The systematically de-
formed cobalt matrix undergoes cracking, acceler-
ating material removal as well as initiating the pits
formation and craters growth.

4. Conclusions

The paper presents the effect of manganese ions
implantation on the cavitation erosion (CE) resis-
tance of HIPed Stellite 6 alloy. The following con-
clusions are drawn:

• The manganese ion implantation utilizing
the energy 175 keV and the fluences of
implanted ions at 5× 1016 Mn+/cm2 and
1× 1017 Mn+/cm2 have a minimal effect on
the microstructure and erosion resistance.
Therefore, the initial structure of HIPed Stel-
lite 6 consists of a cobalt-based matrix con-
sisting of γ (FCC — face-centred cubic)
and ε (HCP — hexagonal close-packed) crys-
tal structures and Cr7C3 chromium carbides.
Manganese ion implantation did not result in
phase transformation as it was in the case of
nitrogen ion implantation [13].

• Compared to the unimplanted HIPed
Stellite 6, the ion implantation using
1× 1017 Mn+/cm2 seems the most promising
for prolonging the cavitation erosion incu-
bation stage and minimalizing the material
loss (30.4 mg) and erosion rate (1.8 mg/h),
while unimplanted Stellite 6 shows these
indicators at a comparable level of 34.5 mg
and 2.0 mg/h, respectively.

• The XRD analysis of eroded surfaces indicates
that CE induces the FCC to HCP martensitic
phase transformation of the cobalt-based ma-
trix.

• Cavitation erosion mechanisms consist of the
material loss initiated at the carbides/matrix
interfaces. Deterioration starts with the cobalt
matrix plastic deformation, weakening the re-
straint of carbides in the metallic matrix.
Then, the cobalt-based matrix and further
hard carbides are removed at the interfaces.
Finally, a deformed cobalt matrix undergoes
cracking, accelerating material removal and
formation of pits and craters growth.
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